We have previously shown that hepatitis B virus (HBV) replication is abolished in the liver of HBV transgenic mice by stimuli that induce alpha/beta interferon (IFN-␣/␤) in the liver. The present study was done to identify the step(s) in HBV replication that is affected by this cytokine in transgenic mice treated with the IFN-␣/␤ inducer polyinosinic-polycytidylic acid [poly(I-C)]. Here we show that the pool of cytoplasmic HBV pregenomic RNA (pgRNA)-containing capsids is reduced 10-fold within 9 h after poly(I-C) administration, while there is no change in the abundance of HBV mRNA or in the translational status of cytoplasmic HBV transcripts. In addition, we show that the pool of HBV DNA-containing capsids is not reduced to the same degree until at least 15 h posttreatment, and we show that virus export is not accelerated and the half-life of virions in the serum is unchanged. These results indicate that IFN-␣/␤ triggers intracellular events that either inhibit the assembly of pgRNA-containing capsids or accelerate their degradation, and that maturation and secretion of virus is responsible for clearance of HBV capsids and their cargo of replicative intermediates from the cytoplasm of the hepatocyte.
We have previously shown that hepatitis B virus (HBV) replication is abolished in the liver of HBV transgenic mice by stimuli that induce alpha/beta interferon (IFN-␣/␤) in the liver. The present study was done to identify the step(s) in HBV replication that is affected by this cytokine in transgenic mice treated with the IFN-␣/␤ inducer polyinosinic-polycytidylic acid [poly(I-C)]. Here we show that the pool of cytoplasmic HBV pregenomic RNA (pgRNA)-containing capsids is reduced 10-fold within 9 h after poly(I-C) administration, while there is no change in the abundance of HBV mRNA or in the translational status of cytoplasmic HBV transcripts. In addition, we show that the pool of HBV DNA-containing capsids is not reduced to the same degree until at least 15 h posttreatment, and we show that virus export is not accelerated and the half-life of virions in the serum is unchanged. These results indicate that IFN-␣/␤ triggers intracellular events that either inhibit the assembly of pgRNA-containing capsids or accelerate their degradation, and that maturation and secretion of virus is responsible for clearance of HBV capsids and their cargo of replicative intermediates from the cytoplasm of the hepatocyte.
Hepatitis B virus (HBV) is a hepatotropic, noncytopathic DNA virus that causes acute and chronic necroinflammatory liver disease and hepatocellular carcinoma (7) . We have previously shown that the intrahepatic induction of inflammatory cytokines inhibits HBV replication in transgenic mice (13) and that similar noncytopathic antiviral events occur in the liver of chimpanzees acutely infected with HBV (15) . Recently, we showed that a single injection of the strong alpha/beta interferon (IFN-␣/␤) inducer polyinosinic-polycytidylic acid [poly (I-C)] (8, 28) clears HBV replicative intermediates from the hepatocyte cytoplasm of transgenic mice by an IFN-␣/␤-dependent pathway (22) . Furthermore, we showed that infection of transgenic mice with unrelated hepatotropic viruses such as lymphocytic choriomeningitis virus, murine cytomegalovirus, and recombinant adenovirus also inhibits HBV replication via IFN-␣/␤-dependent mechanisms (3, 12, 22) . These mechanisms must affect posttranscriptional steps in the viral life cycle, since the HBV capsids and their cargo of replicative intermediates rapidly disappear from the liver while the steady-state content of HBV RNA remains unchanged (3, 12, 22) .
Several posttranscriptional steps (reviewed in references 11 and 25) could be affected by IFN-␣/␤. First, IFN-␣/␤ may inhibit the translation of HBV transcripts into viral proteins, some of which, like the HBV core protein and the viral reverse transcriptase/DNA polymerase (RT/Pol), are essential for viral replication (33) . Second, IFN-␣/␤ may inhibit the encapsidation of viral pregenomic RNA (pgRNA) and RT/Pol into viral nucleocapsid particles. Third, IFN-␣/␤ may inhibit either reverse transcription of encapsidated pgRNA into singlestranded DNA (ssDNA) or maturation of ssDNA into doublestranded DNA (dsDNA). Fourth, IFN-␣/␤ may induce active degradation of pgRNA-and/or DNA-containing capsids. Finally, IFN-␣/␤ may accelerate export of capsids out of the hepatocyte.
To determine which of these steps might be affected by IFN-␣/␤, we treated transgenic mice with the IFN-␣/␤ inducer poly(I-C). In this report we demonstrate that IFN-␣/␤ inhibits HBV replication at the level of pgRNA-containing capsids, either by preventing their assembly or by accelerating their degradation. (14) . These mice replicate HBV in the hepatocyte from an integrated greater-than-genomelength HBV transcriptional template. The level of HBV replication in the livers of these mice is comparable with that seen in the infected livers of patients with chronic hepatitis, and there is no evidence of cytopathology (14) . Experiments were performed with mice that were matched for age (6 to 11 weeks), sex (male), and level of hepatitis B e antigen (HBeAg) in the serum (measured with a commercially available kit from Abbott Laboratories, Abbott Park, Ill.). HBV replication in both mouse lineages is equally sensitive to poly(I-C) treatment. The 1.3.46 lineage mice display a consistently higher level of HBV virions in the serum (14) and hence were used in this study for the experiments involving serum HBV DNA.
MATERIALS AND METHODS

HBV
Poly(I-C) treatment. Poly(I-C) was purchased from Sigma Chemical Co., St. Louis, Mo. (product no. P-0913). In all experiments, mice were injected once intravenously (i.v.) with 200 g of poly(I-C) in a total volume of 200 l of 0.9% NaCl solution (saline). Control animals were injected with saline only.
HBV DNA analysis. Frozen liver tissue was processed as described previously (14) , and 30 g of total DNA was analyzed by Southern blotting after HindIII digestion (14) . Encapsidated HBV DNA was extracted from 250 mg of frozen liver that was homogenized in 1 ml of homogenization buffer (100 mM NaCl, 1 mM EDTA, 50 mM Tris base [pH 8.0], 0.5% NP-40) by five to eight strokes in a motor-driven Potter-Elvehjem tissue grinder. The crude homogenate was cleared by centrifugation for 15 min at 12,000 rpm and 4°C in a SW60 rotor. The postmitochondrial supernatant was adjusted to 6 mM CaCl 2 , and 40 U of micrococcal nuclease (Amersham Pharmacia Biotech AB, Uppsala, Sweden) was used to digest nonencapsidated nucleic acids for 30 min at 37°C. The enzyme was inactivated by adding 20 mM EDTA, and a first 300-l aliquot was removed for isolation of encapsidated RNA (see below). Encapsidated HBV DNA replicative intermediates were isolated from a second 300-l aliquot of extract brought to 1% sodium dodecyl sulfate in 500 l (total volume) and digested overnight at 37°C with 1 mg of proteinase K (Roche Molecular Biochemicals, Basel, Switzerland) per ml. Nucleic acids were extracted with equal volumes of phenolchloroform and chloroform. Residual RNA was degraded by digestion with RNase A (0.01 mg/ml) for 30 min at 37°C. Nucleic acids were precipitated in the presence of 0.3 M sodium acetate with 1 volume of isopropanol. Nucleic acids were dissolved in 150 l of Tris-EDTA (TE), and 10 l was electrophoresed in a 1.3% agarose gel for Southern blot analysis as described elsewhere (14) . All quantifications were done with a Cyclone storage phosphor system (Packard Instrument Company, Meriden, Conn.).
Serum HBV DNA analysis. Serum HBV DNA was quantified by Southern blot analysis. Aliquots (50 l) of serum were digested with proteinase K (1 mg/ml) in a total volume of 500 l containing 50 mM Tris base (pH 8.0) and 1% sodium dodecyl sulfate at 37°C overnight. Nucleic acids were extracted as described for encapsidated DNA except for the addition of 10 g of Escherichia coli tRNA during precipitation. Nucleic acids were dissolved in 30 l of TE; 10 l was loaded onto a 1.3% agarose gel (1ϫ Tris-acetate-EDTA) and electrophoresed for 15 to 30 min at 5 V/cm. The gel was then blotted in 1.5 M NaCl-0.5 M NaOH by vacuum blotting (VacuGene; Amersham Pharmacia Biotech AB) for 1 h onto a nylon membrane (Magnagraph, Osmonics Laboratory Products, Minnetonka, Minn.). Subsequent Southern blotting was performed as described elsewhere (14) .
HBV RNA analysis. Total liver RNA was isolated from frozen liver tissue, and 20-g aliquots were analyzed by Northern blotting as described previously (14) . Encapsidated RNA was extracted from the first 300-l aliquot of extract (see "Serum HBV DNA analysis" above) by addition of 200 l of prewarmed (65°C) 1.67ϫ guanidinium thiocyanate (GTC) solution (7 M GTC, 0.042 M sodium citrate [pH 7.3], 0.84% sarcosyl). Subsequent extraction steps were performed as described elsewhere (14), using 1/10 of the volumes. Before precipitation, 0.1 volume of 10ϫ DNase buffer (500 mM Tris-HCl [pH 7.6], 100 mM MgCl 2 ) was added, and DNA was removed by digestion with 1 U of RNase-free DNase I (Promega, Madison, Wis.) at 37°C for 20 min. After phenol-chloroform extraction, 0.1 volume of 3 M sodium acetate (pH 7.0) was added, and the RNA was precipitated with 1 volume of isopropanol. The RNA was dissolved in 150 l of H 2 O, and 70 l was used for Northern blot analysis as described elsewhere (14) .
Polyribosome analysis. Polyribosomal extracts were prepared essentially as described previously (1) . One gram of fresh liver tissue was homogenized in 4 ml of buffer A (250 mM KCl, 10 mM MgCl 2 , 20 mM HEPES [pH 7.5], 10% sucrose, 2 mM dithiothreitol, 150 g of cycloheximide per ml, 200 U of RNasin per ml), using a motor driven Potter-Elvehjem tissue grinder. A postmitochondrial supernatant was prepared by centrifugation of the lysate for 15 min at 4°C and 12,000 rpm. The supernatant (1.2 ml) was loaded on a 50 to 10% sucrose gradient prepared in RNasin-free buffer A to which heparin-sodium salt (0.5 mg/ml) (Sigma product no. H-3149) was added. Gradient centrifugation was carried out for 4 h at 4°C and 27,000 rpm. Fractions of ϳ500 l were collected by dripping from the punched bottom of the centrifugation tube. Individual fractions were brought to 2 ml at a final concentration of 1.5 M CsCl-10 mM Tris base (pH 7.0)-25 mM EDTA and were layered onto a 3 M CsCl cushion. Free RNA was pelleted by centrifugation for 12 h at 4°C and 35,000 rpm, while HBV capsids remained in the supernatant. The pellets were dissolved in GTC, and RNA was extracted as described previously (14) . The RNA of each fraction was dissolved in 60 l of H 2 O, and 10 l was used for Northern blot analysis as described elsewhere (14) .
BrdU labeling in vivo. 5Ј-Bromo-2Ј-deoxyuridine (BrdU; Sigma product no. B-9285) was dissolved in H 2 O to yield a 100 mM stock solution. For in vivo labeling, an osmotic pump (model 1003D; Alza Scientific Products, Palo Alto, Calif.) was filled with the 100 mM BrdU solution and surgically implanted into the peritoneal cavity. Osmotic pumps hold 100 l and, according to the manufacturer's instructions, deliver 1 l/h for 3 days. To rapidly achieve high serum BrdU concentrations, 3 mg of BrdU in saline was injected intraperitoneally at the time of surgery (9) . For detection of BrdU-labeled HBV DNA, DNA from 100 l of serum was extracted as described above and dissolved in 30 l of TE. Then 10 l of DNA was supplemented with 2.5 l (2.5 g/l) of sheared salmon sperm DNA, denatured with 1.3 l of 1 N NaOH for 1 min, and neutralized with 2.6 l of 1 M Tris base (pH 7). The DNA samples were then incubated for 1 h at room temperature with 5 l of anti-BrdU antibody (0.1 g/l; Roche Molecular Biochemicals), 6 l of 5ϫ Tris-buffered saline, and 1.6 l of H 2 O. To increase the gel retardation of the BrdU-labeled DNA maximally, the molecular weight of the DNA-antibody complexes was increased by incubation with 1 l of a secondary anti-mouse antibody (1 g/l; product no. 04-6100, Zymed, South San Francisco, Calif.) for another hour. Five microliters of loading buffer (50% glycerol, 1ϫ Tris-borate-EDTA, 0.025% each xylene cyanole, and bromophenol blue) was added, and the samples were loaded onto a 0.8% agarose gel and run at 1.3 V/cm overnight in 1ϫ Tris-borate-EDTA. The nucleic acids were then blotted as described for serum HBV DNA analysis and subjected to Southern blot hybridization as described elsewhere (14) .
RESULTS
Poly(I-C) inhibits HBV replication but not HBV gene expression in livers of transgenic mice.
We recently showed that a single i.v. injection of 200 g of poly(I-C) noncytopathically eliminates HBV DNA replicative intermediates and nucleocapsid particles from the hepatocyte cytoplasm by an IFN-␣/ ␤-dependent mechanism (22) . As shown in Fig. 1 , the inhibitory effect of poly(I-C) on HBV replication was associated with the induction of 2Ј,5Ј-oligoadenylate synthetase (2Ј5ЈOAS) RNA (a known marker of IFN-␣/␤ induction), and it was not associated with a reduction in the steady-state level of HBV RNA in the liver. This indicates that transcription and RNA turnover are not affected under these conditions.
Based on these results, we designed experiments to determine which posttranscriptional step(s) in the viral life cycle is interrupted by poly(I-C). As shown in Fig. 2 , the HBV transcripts are first translated into the viral gene products (step 1). Viral pgRNA is encapsidated along with the viral RT/Pol (step 2). Pregenomic RNA is reverse transcribed by the RT/Pol and digested by the RNase H activity of the enzyme, leaving a short RNA segment at the 5Ј end of the newly formed ssDNA (steps 3 and 4). Further capsid maturation involves transfer of the primer to the 3Ј end of the ssDNA followed by plus-strand DNA synthesis (step 5), yielding mature capsids containing dsDNA (step 6). Mature capsids are targeted for envelopment and are subsequently exported out of the cell as virions (step 7).
Poly(I-C) does not alter the translational status of HBV transcripts. To determine whether poly(I-C) treatment inhibits HBV RNA translation, we compared the polyribosomal distribution of HBV transcripts in the livers of transgenic mice that were treated either with saline or with poly(I-C). First, we had to confirm that polyribosome analysis of mouse liver mRNA appropriately tests the translational status of the HBV transcripts. As shown in Fig. 3A for representative samples of saline-injected transgenic mice, the polyribosomal distribution of the highly expressed glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was mostly found in high-density fractions, representing polyribosomes. In contrast, the ferritin transcript, which is known to be translationally inactive in the absence of iron treatment (1), was predominantly found in very low density fractions, representing monosomes or ribosomefree RNA. These results indicate that analysis of the polyribosome distribution of mouse liver mRNAs allows discrimination between translationally active and inactive transcripts. Figure 3A also shows that the 3.5-kb HBV pregenomic RNA was present in both the high-density and low-density fractions, suggesting that not all of the 3.5-kb messages are translationally active. It is important to note that the 3.5-kb RNA represents not only pgRNA but also slightly longer transcripts that are translated to produce HBeAg (36). Since it is theoretically possible that these two RNA species are differentially represented in the sucrose fractions, we performed an RNase protection assay of these samples to distinguish between pgRNAand HBeAg-encoding transcripts. Such analysis did not reveal any differential distribution of these transcripts (data not shown).
To further confirm that the HBV and GAPDH transcripts were indeed associated with ribosomes, we treated polyribosomal extracts with 15 mM EDTA, a procedure known to release transcripts from ribosomes (21) . As shown in Fig. 3B , the HBV and GAPDH transcripts moved into the lower-density fractions after EDTA treatment, confirming their polyribosomal association in Fig. 3A .
Next, we analyzed the polyribosomal distribution of HBV transcripts in the liver of age (8 to 10 weeks)-, sex (male)-, and HBeAg-matched transgenic mice from lineage 1.3.32 that were injected either with saline or with 200 g poly(I-C). Mice were sacrificed 20 h after injection, when the content of HBV replicative intermediates was profoundly reduced (Fig. 2A) . As shown in Fig. 4 , the relative distribution of the HBV 3.5-and 2.1-kb transcripts in the sucrose gradients compared to the GAPDH distribution was the same in poly(I-C)-treated mice as in saline-injected controls. In particular, there is no accumulation of HBV transcripts following poly(I-C) treatment in low-density fractions where translationally silent transcripts would be expected as shown for ferritin in Fig. 3A . These results indicate that the translational status of the HBV transcripts is not changed by poly(I-C) treatment, suggesting that inhibition of translation (Fig. 2, step 1) does not account for the elimination of HBV capsids and replicative intermediates from the hepatocyte cytoplasm.
Poly(I-C) eliminates pgRNA-containing capsids from the hepatocyte cytoplasm. To identify the posttranslational step(s) in capsid maturation that may be inhibited by poly(I-C), we first examined the effect of poly(I-C) on the abundance of immature, RNA-containing capsids in the hepatocyte cytoplasm (Fig. 2, step 2) . Age (7 to 11 weeks)-, sex (male)-, and serum HBeAg-matched mice from lineage 1.3.32 were injected either with saline or with poly(I-C). Groups of three mice were sacrificed at different time points after injection, and their livers were analyzed for encapsidated RNA (Fig. 5A ) and total liver RNA (not shown) by Northern blot analysis. The results of the Northern blot analysis of encapsidated RNA (Fig. 5A) were quantified by phosphorimaging analysis and displayed as graphs in Fig. 5B and C. The level of encapsidated pgRNA decreased by 60% within 6 h and about 10-fold within 9 h after poly(I-C) injection (Fig. 5B) , indicating that HBV RNA-containing capsids are eliminated from the hepatocyte cytoplasm after IFN-␣/␤ induction. As expected, the steady-state level of total cellular HBV RNA did not significantly change throughout the course of the experiment (data not shown). In two out of three liver specimens at 3 h after poly(I-C) injection, we observed an increased level of encapsidated pgRNA ( Fig. 5A and B) which also resulted in a higher level of replicative DNA intermediates isolated from the same mouse livers (Fig. 6A  and B) . In follow-up experiments, however, we did not observe increased levels of encapsidated RNA or replicative DNA intermediates at this time after poly(I-C) treatment (data not shown). Therefore, the increased level of HBV replication in these samples is most likely due to mouse to mouse variability in HBV gene expression.
As indicated in Fig. 2 (steps 2 and 3) , newly formed cytoplasmic capsids contain full-length pgRNA. More mature capsids contain shorter RNA fragments which are generated by digestion of pgRNA by the RNase H function of HBV RT/Pol (29, 33) . Thus, encapsidated full-length pgRNA is a marker of immature capsids (Fig. 2, step 2) , while encapsidated RNase H products are markers of more mature capsids that are involved in reverse transcription (Fig. 1, step 3) . Accordingly, by Northern blot analysis we detected a discrete band representing intact pgRNA and a smear of smaller transcripts representing RNase H digestion products. By plotting the ratio of encapsidated pgRNA versus RNase H products after poly(I-C) injection, we show that pgRNA-containing capsids are preferentially lost from the hepatocyte cytoplasm between 3 and 9 h after poly(I-C) injection (Fig. 5C) . Thus, poly(I-C) treatment leads initially to the elimination of pgRNA-containing capsids (Fig. 2, step 2 ), and this is followed by the elimination of more mature capsids involved in reverse transcription (Fig. 2, step 3) .
ssDNA-containing capsids are cleared after RNA-containing capsids but before mature capsids. Reverse transcription Step 1, the HBV transcripts are translated into the viral gene products; step 2, viral pgRNA is encapsidated along with the viral RT/Pol; step 3, pgRNA is reverse transcribed by the RT/Pol and digested, leaving a short 5Ј fragment and ssDNA of minus-strand polarity (step 4). Further capsid maturation involves transfer of the RNA fragment to the 3Ј end of the ssDNA, where it serves as the primer for subsequent plus-strand DNA synthesis (step 5), which produces mature capsids containing dsDNA (step 6). Mature capsids are targeted for envelopment and are subsequently exported out of the cell as virions (step 7).
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converts the pgRNA in cytoplasmic capsids into ssDNA, yielding ssDNA-containing capsids as depicted in Fig. 2, step 4 . The ssDNA-containing capsids subsequently mature into partially dsDNA-containing capsids (Fig. 2, step 6 ) through plus-strand DNA synthesis by the HBV RT/Pol (Fig. 2, step 5 ) (33) . To monitor the kinetics by which ssDNA-and dsDNA-containing capsids are cleared from the hepatocyte cytoplasm after poly(I-C) injection, total DNA was extracted from the liver samples used for the RNA analysis (Fig. 5 ) and subjected to Southern blot analysis (Fig. 6A, top panel) As expected, Southern blot analysis of encapsidated DNA (Fig. 6A, bottom panel) yielded results equivalent to those for the total liver DNA, since all of the HBV replicative DNA intermediates in the liver are encapsidated. Therefore, the Southern blot of total DNA was used to compare the intensity of the ssDNA-specific band and the bands corresponding to the more mature doublestranded linear and relaxed circular DNA species (dsDNA) (Fig. 6A) . The levels of HBV DNA replicative intermediates were corrected for loading according to the transgene signal, and they were plotted as a function of time after poly(I-C) injection. The combined level of dsDNA and ssDNA did not change from baseline during the first 6 h after poly(I-C) injection, then fell by 50% at 9 to 12 h, and finally decreased about 10-fold 15 h after poly(I-C) injection (Fig. 6B) , indicating that DNA-containing capsids are eliminated from the hepatocyte cytoplasm in this time frame. By plotting the ratio of ssDNA versus dsDNA as a function of time after poly(I-C) injection (Fig. 6C) , we observed that the majority of ssDNA-containing capsids are eliminated from the hepatocyte cytoplasm between 9 and 15 h after poly(I-C) injection. This suggests that most of the ssDNA-containing capsids are cleared from the hepatocyte cytoplasm before the mature dsDNA-containing capsids.
Together, these and the foregoing observations with RNAcontaining capsids (Fig. 5C ) suggest that poly(I-C) eliminates immature RNA-containing capsids from the hepatocyte cyto- FIG. 3 . Polyribosome isolation from livers of HBV transgenic mice. Polyribosomes were harvested as described in Materials and Methods. (A) Serial fractions from sucrose gradients of polyribosomal liver extracts were analyzed by Northern blotting for the distribution of GAPDH, ferritin, and HBV 3.5-and 2.1-kb transcripts as described in Materials and Methods. (B) Polyribosomal liver extracts were treated with EDTA prior to sucrose density centrifugation, and fractions were analyzed by Northern blotting for HBV 3.5-and 2.1-kb transcripts and GAPDH transcripts as described above.
plasm before the clearance of ssDNA-and dsDNA-containing capsids (Fig. 6C) . These results suggest that poly(I-C) inhibits HBV replication by either preventing pgRNA encapsidation or reducing the stability of pgRNA-containing capsids. If this is correct, the preformed DNA-containing capsids should be cleared from the hepatocyte cytoplasm by export into the serum, and this would be followed by the elimination of virions from this compartment.
Determination of the export rate of HBV DNA in untreated transgenic mice. To determine whether poly(I-C) treatment affects virus export out of the hepatocyte, one has to first determine the production rate and half-life of virus in the serum of untreated transgenic mice. Thus, we monitored BrdU incorporation in virions circulating in the serum of untreated transgenic mice in which BrdU was continuously infused by an osmotic pump for 72 h. Inside the hepatocyte, the BrdU is converted to 5-bromo-2Ј-deoxyuridine-5Ј-triphosphate, which then can be incorporated into HBV minus-strand DNA during reverse transcription (Fig. 2, step 3) as well as in plus-strand DNA (Fig. 2, step 5) . Subsequently, virions containing BrdUlabeled mature dsDNA are exported into the serum (Fig. 2,  step 7 ). As shown in Fig. 7A for a representative BrdU-labeling experiment, BrdU-containing serum HBV DNA was detected by monitoring the ability of a BrdU-specific monoclonal antibody to retard the electrophoretic mobility of HBV DNA extracted from circulating virus particles. Antibody binding to the BrdU incorporated into HBV DNA occurs only on ssDNA; hence dsDNA isolated from HBV virions is denatured prior to the gel retardation experiment as described in Materials and Methods. BrdU free minus-and plus-strand virion DNA migrates as a single band in the gel retardation electrophoresis (Fig. 7A, unlabeled) . BrdU-containing minus-and plus-strand DNA is retarded by the bound antibodies and is detected as a smear of high-molecular-weight DNA (Fig. 7A , BrdU-labeled). Control experiments were done with an irrelevant antibody, confirming the specificity of this assay (data not shown).
During the time of BrdU infusion, newly synthesized BrdUcontaining HBV DNA was exported from hepatocytes and accumulated in the serum, where it was detectable as a highmolecular-weight DNA smear in the Southern blot shown in Fig. 7A . At the same time, preexisting virions were eliminated from the serum of untreated transgenic mice shown by the disappearance of the unlabeled, rapidly migrating HBV DNA forms (Fig. 7A) . As the concentration of free BrdU eventually decreased over time and its incorporation into HBV DNA decreased, labeled DNA eventually disappeared from the serum as it was replaced by unlabeled DNA (Fig. 7A) . The disappearance of unlabeled DNA from the serum was plotted as a function of time during BrdU labeling (Fig. 7B) . From the linear part of the graph between 24 and 72 h, we determined that the viral half-life of HBV virions in the serum of transgenic mice under baseline conditions is about 16 to 18 h. This is also a measure of its export rate, since the steady-state level of HBV DNA in the serum of these mice was stable during the course of these experiments. Poly(I-C) does not affect virus export or half-life. Next, we monitored serum HBV DNA levels after poly(I-C) or saline injection in transgenic mice. The serum HBV DNA levels were plotted against time after injection (Fig. 8) . As expected, serum HBV DNA remained present at all times after saline injection, while virus was eventually cleared from the serum after poly(I-C) injection (Fig. 8, top panel) . Figure 8 also shows that HBV replication was only transiently inhibited after a single poly(I-C) injection, since serum HBV levels returned to pretreatment levels at 154 h postinjection. Importantly, serum HBV DNA levels did not increase within 15 h after poly(I-C) injection (Fig. 8, lower panel) , while HBV capsids were cleared from the cytoplasm of hepatocytes during this time interval (Fig. 6B) . This suggests that the viral export rate is not increased after poly(I-C) injection, and hence increased export does not account for the depletion of capsids from the hepatocyte cytoplasm. Rather, the rate of clearance of virus from the serum after poly(I-C) injection followed the rate of clearance of unlabeled DNA during BrdU labeling in untreated transgenic mice, indicating that poly(I-C) did not change the half-life of virions in the sera of HBV transgenic mice.
DISCUSSION
In this study we showed that poly(I-C) suppresses the level of viral RNA-containing capsids in the liver without inhibiting transcription or translation of the viral RNA and without accelerating the export of preformed DNA-containing capsids out of the liver. Based on these observations, we conclude that poly(I-C) either inhibits the assembly or accelerates the deg- radation of HBV RNA-containing capsids in the cytoplasm of the hepatocyte. Since these effects coincided with the induction of IFN-␣/␤ in the liver, and because we have recently reported that the antiviral effects of poly(I-C) are mediated by IFN-␣/␤ (22), we conclude that the effects described herein were mediated by this cytokine. This is compatible with a recent report from our laboratory that treatment of duck HBV-infected primary duck hepatocyte cultures with duck IFN-␣ selectively eliminates pgRNA-containing capsids from the cells (30) .
Contributions to viral clearance by other IFN-␣/␤-mediated effects such as inhibition of reverse transcription and/or viral DNA synthesis (i.e., capsid maturation) cannot be ruled out since they could not be experimentally measured in the transgenic mouse model. We observed, however, continuous virus export for at least up to 12 h after poly(I-C) treatment, indicating that virus production is not significantly reduced during clearance of capsids from the hepatocyte cytoplasm. This suggests that IFN-␣/␤ does not inhibit capsid maturation as a mechanism to inhibit HBV replication in the transgenic mice.
Similarly, depletion of HBV capsids from the hepatocyte cytoplasm by increased viral export is very unlikely for two reasons. First, if the export rate was increased, one would expect mature DNA-containing capsids to be depleted from the hepatocytes before immature RNA-containing capsids, and this did not occur. Second, if the export rate was increased, one would expect to detect an increase in serum HBV DNA levels, and this did not occur (Fig. 8) . This should have been easily detectable, had it occurred, because there are only about 10 7 to 10 8 virions/ml in the serum (14) , while we calculate that there are about 10 9 capsids in the entire liver. The latter calculation is based on estimates from the Southern blot in Fig.  6A that there are at least 50 DNA-containing capsids per transgenic mouse hepatocyte and from our earlier results indicating that about 30% of these hepatocytes replicate HBV (14) . Masking of increased virus export by reducing the halflife of virions in the serum is ruled out by our observation that the viral half-life did not significantly change after poly(I-C) treatment.
In summary, the results presented here suggest that IFN-␣/␤ inhibits the formation of pgRNA-containing capsids or accelerates their degradation, while continued maturation of preexisting capsids and virus secretion accounts for the intracellular depletion of HBV capsids and replication intermediates. It is noteworthy that in parallel experiments (not shown), we found that elimination of pgRNA-containing capsids also occurred in mice that received repetitive injection of IL-12, a stimulus known to inhibit HBV replication by an IFN-␥-dependent mechanism (4). Although IFN-␣/␤ and IFN-␥ have both been shown to independently inhibit HBV replication in lineage were injected either with saline (two mice) or with a single i.v. injection of poly(I-C) (three mice), and serum samples were analyzed at different time points after injection. Serum HBV DNA levels were plotted on a log scale for all time points measured after poly(I-C) injection (top). The serum HBV DNA levels up to 15 h after poly(I-C) injection were replotted on a linear scale (bottom). Mean values for relative serum HBV DNA levels in each group were plotted. Pretreatment serum HBV DNA levels were set to 100%. transgenic mice (22) , these results indicate that similar intracellular steps in the HBV life cycle are targeted by these cytokines, suggesting that their antiviral activities may converge inside the cell.
The cytokine-induced signal transduction pathways and cellular protein(s) responsible for these effects are not known. IFN-␣/␤ and IFN-␥ interfere with various steps in the replication cycle of different viruses (reviewed in reference 35). For example, IFN-␥ has been shown to directly inhibit replication of the poxviruses ectromelia virus and vaccinia virus as well as herpes simplex virus (HSV) by inducing nitric oxide synthase (18) . The mechanisms that inhibit ectromelia and HSV replication are not well defined. Inhibition of vaccinia virus replication by inducible nitric oxide synthase occurs during late protein synthesis, DNA replication, and virus particle formation (17) . IFN-␣/␤ has been demonstrated to induce at least three different antiviral mechanisms (reviewed in reference 32). First, IFN-␣/␤ can induce the dsRNA-dependent protein kinase (PKR) which phosphorylates the alpha subunit of eukaryotic initiation factor 2 (23) and inhibits translation initiation, thereby suppressing replication of RNA viruses such as encephalomyocarditis virus (24) or late gene expression of the DNA virus simian virus 40 (37) . Second, IFN-␣/␤ can induce the dsRNA-activated 2Ј5ЈOAS (2, 10) which leads to RNase L activation that can selectively reduce viral RNA during encephalomyocarditis virus infection (20) and seems to be the primary pathway to inhibit picornavirus replication (6) . Third, IFN-␣/␤ can induce the Mx proteins, GTPases in the dynamin superfamily (16) , that interfere with transcription of negativestranded RNA viruses such as vesicular stomatitis virus (31) or influenza virus (26, 27) but do not inhibit the replication of DNA viruses such as HSV (19, 27) . Furthermore, IFN-␣/␤-responsive genes inhibit proper assembly of vaccinia virus by some unknown mechanism(s) (34) and prevent morphogenesis of HSV (5) .
In view of these known antiviral effects, our demonstration that IFN-␣/␤ selectively eliminates immature (i.e., nascent) viral nucleocapsids from the cytoplasm of cells that replicate HBV appears to expand the antiviral repertoire of this cytokine and define its anti-HBV activity very explicitly. Accordingly, efforts to identify cytokine-inducible cellular genes that inhibit HBV replication are currently under way.
